The proton transfer reaction of H 3 O ϩ and NH 3 was studied using the crossed molecular beam technique at relative energies of 0.41, 0.81, and 1.27 eV. At all three energies, the center-of-mass flux distribution of the product ion NH 4 ϩ exhibits sharply asymmetry, and the maximum is close to the velocity and direction of the precursor ammonia beam. The reaction transforms almost all of the 1.69 eV exothermicity into internal excitation of the products at all three collision energies. At the lowest collision energy of 0.41 eV, nearly 77% of the total energy appears in NH 4 ϩ internal excitation. However, almost 100% of the incremental translational energy in the two higher-energy experiments appears in the product translational energy. Such an observation provides a classic example of the ''induced repulsive energy release'' mechanism that is expected to be operative on the highly skewed potential energy surfaces characteristic of the heavyϩlight-heavy mass combination. These results indicate that the proton transfer proceeds through a direct reaction mechanism; a Rice-Ramsperger-Kassel-Marcus theory calculation shows that the lifetime of the intermediate complex ͓NH 3 -H-H 2 O͔ ϩ is about 100 fs. Proton transfer occurs early on the reaction coordinate, when the incipient N-H bond is extended, and results in highly vibrationally excited NH 4 ϩ products, with excitation primarily in N-H stretching modes.
I. INTRODUCTION
Proton transfer in hydrogen-bonded systems is a fundamental process in nature. The investigations of proton transfer reaction mechanisms are important for understanding many basic biological, physical, and chemical processes such as solvation, photosynthesis, acid-base neutralization, and enzymatic reactions. 1, 2 Water and ammonia are both small molecules that can form hydrogen bonds because they contain the oxygen or nitrogen atom of high electronegativity, respectively. The reactions between hydronium ions and water or ammonia are simple, prototypical systems for studying the proton transfer phenomenon and have therefore long attracted the attentions of scientists. [3] [4] [5] [6] [7] The proton transfer reaction between the protonated water ion and ammonia, reaction ͑1͒, is highly exothermic. The reaction enthalpy can be simply given by the difference in the proton affinities ͑PA͒ of ammonia and water ͓PA(NH 3 ) ϭ8.85 eV,PA(H 2 O)ϭ7. 16 In the photoionization of ammonia and water binary clusters, 9 the dominant products are the protonated (NH 3 ) n (H 2 O) m H ϩ ions, the products of intracluster proton transfer reactions. Chang et al. 10 measured the infrared vibrational predissociation spectra of NH 4 ϩ (H 2 O) n (nϭ2 →7). These results indicate that the H 3 O ϩ and NH 3 subunits can form stable hydrogen-bonded complexes. The structure and energy of the ͓NH 3 -H-H 2 O͔ ϩ complex have been calculated at several different levels of theory. [11] [12] [13] [14] [15] [16] [17] [18] These ab initio calculations and the experimental results based on high-pressure mass spectrometry [19] [20] [21] show that the dissociation energy of the complex is about 0.9 eV relative to the NH 4 ϩ ϩH 2 O channel. The potential energy surface of the complex is sensitive to the distance between the oxygen and nitrogen atoms. At the equilibrium R(N-O) bond length, the potential energy surface only contains a single well corresponding to ͓H 3 NH¯OH 2 ͔ ϩ , in which the central proton is more closely associated with NH 3 ; that is, the complex looks more like a complex of NH 4 ϩ and H 2 O, rather than H 3 O ϩ and NH 3 . As the distance between the two atoms is increased, the barrier appears and the potential energy surface has two wells, corresponding to ͓H 3 NH¯OH 2 ͔ ϩ and ecule by first-principles Born-Oppenheimer molecular dynamics simulations. He found that the transfer reaction is a rather fast process (tϭ100-300 fs). After the transfer process, the NH 4 ϩ ion is vibrationally hot because of the released potential energy.
Experimentally, Smith et al. 24 used a selected ion flow tube apparatus to study the binary reactions of (H 2 O) n H ϩ (nϭ1 -3) ions and their deuterated analogues with NH 3 . They found that no appreciable isotopic exchange occurred and thus suggested that the reactions proceeded via the simple mechanisms of D ϩ ͑or H ϩ ) transfer; any intermediate complex has such a short lifetime that scrambling could not occur. A similar conclusion was also obtained by Honma et al., 25 who studied the reaction of protonated water clusters with deuterated ammonia using guided ion beam mass spectrometry. Because the NH 2 D 2 ϩ or DH 2 O ϩ ions, the H/D randomization products, were not observed as a primary product, they suggested that the reactions proceed via a direct proton transfer or via a relatively short-lived intermediate.
So far, no crossed beam experimental results have been reported for this system. In this paper, we report the results obtained using the crossed molecular beam technique, by which the initial kinetic energies and directions of the reactants can be well controlled and the angular and kinetic energy distributions of the product ions can be precisely measured. Thus more detailed information on the reaction dynamics can be extracted. This study can help us answer the following questions: ͑i͒ What is the mechanism of proton transfer? Is the proton transferred via a long-lived intermediate complex or as a direct process? ͑ii͒ How is the large exothermicity partitioned in the degrees of freedom of the products?
II. EXPERIMENT
The experimental apparatus has been described in detail in a previous paper, 26 so only a brief overview is provided here. The H 3 O ϩ ions were produced using electron impact on a room-temperature water and hydrogen mixture. The pressure in the ion source is typically 5ϫ10 Ϫ5 Torr. The ions are then mass selected with a 60°magnetic sector. After deceleration to the desired beam energy and focusing by a series of ion optics, the beam has a full width at half maximum ͑FWHM͒ of 0.25-0.40 eV. The ammonia beam was formed by supersonic expansion of the pure gas through a 0.07-mm nozzle. A 1.0-mm-diam skimmer, located 50 nozzle diameters downstream from the nozzle, selects the cool core of the beam. The beam enters a differential pumping chamber, where it is collimated with a 3.0-mm 2 aperture located approximately 2.5 cm from the skimmer, before entering the main chamber, where it intersects with the ion beam at a 90°a ngle. A tuning fork chopper modulates the beam at 30 Hz to provide the synchronization for the experiment. The most probable velocity of the neutral beam formed through supersonic expansion is calculated using
͑2͒
in which ␥, the ratio of heat capacities, is 1.33 for ammonia. A rotatable electrostatic energy analyzer with a laboratory resolution of 0.07 eV was used to measure the kinetic energies of ions in the primary ion beam and scattered ionic reaction products. The ions were mass selected with a quadrupole mass spectrometer and were detected with a dualmicrochannel-plate ion detector. Data were collected with a computer-controlled multichannel scalar synchronized with the beam modulation. The energy analyzer was calibrated before and after the experiments. The resonant charge transfer reaction between He ϩ and He was used as the calibration reaction to determine the zero offset of the energy analyzer.
In the experiments, two independent measurements were performed: First, by rotating the angle of the energy analyzer, one can measure the relative angular distribution of product ions in the laboratory coordinate system. Second, the kinetic energy distributions of the scattered product ions can be also measured at fixed ͑15-20͒ laboratory angles. Each energy spectrum consists of 80 points, with typical energy bin widths of 0.025 eV. The two measurements result in data sets consisting of approximately 1200 data points covering laboratory velocity space.
III. DATA ANALYSIS
The aim of the data analysis procedure is to recover center-of-mass reaction differential cross sections I c.m. (u,) from the laboratory data. In the experiments, the ion and neutral beams have velocity and angular spreads. These result in distributions of collision energies and intersection angles. In the data analysis, these distributions must be taken into account when transforming the laboratory flux distributions to the center-of-mass cross sections. This procedure was accomplished with a pointwise interative deconvolution procedure using
Five points are used to represent the energy distributions of each of the two reagent beams, and five points represent the intersection angle distribution; thus, in the above equation, N is 125. f i is a weighing factor, which is the probability of observing Newton diagram i based on the reagent beam distributions. Using the derived I c.m. (u,), the deconvolution procedure also calculates the angular distributions and kinetic energy distributions at each angle in the laboratory coordinate. The comparison between the simulated and experimental results provides a figure of merit for the deconvolution process. In this study, the errors of the simulations are less than 6%. Using the derived I c.m. (u,), the barycentric angular distribution g() of the products can be calculated by integrating over product translational energy. g() represents the relative intensities of products scattered into center-of-mass scattering angle averaged over product kinetic energy. In practice, it is calculated by replacing the integral with a summation,
in which M represents the number of recoil energies considered. Similarly, the angle-averaged relative translational energy distribution of products, P(E T Ј), can be calculated using
IV. RESULTS AND DISCUSSION
The experiments were performed at selected center-ofmass collision energies of 0.41, 0.81, and 1.27 eV. These correspond to ion beams with laboratory energies of 0.74, 1.61, and 2.57 eV, respectively. According to the measured kinetic energy of the reactant ions and the calculated velocity of the neutral beam using Eq. ͑2͒, the Newton diagrams of the three energies are obtained, as shown in Figs. 1-3 . In the figures, 0°is defined as the direction of the H 3 O ϩ ion beam in laboratory coordinates, while 90°is the direction of the neutral beam. The polar flux contour maps in the center-ofmass coordinate system, which are obtained with the deconvolution procedure, are superimposed on the Newton diagrams.
It can be seen from Figs. 1-3 that at all the collision energies, the flux distributions are sharply asymmetric and the maxima are near 180°. This observation indicates that the NH 4 ϩ ion has nearly the same direction as the precursor ammonia beam, a characteristic of direct reactions. Therefore, the reactions take place through large impact parameters, resulting in little change of momentum of the NH 3 unit after proton transfer. Any intermediate complex in the reactions must be short lived, because if its lifetime were on the order of a rotational period or longer, one would expect to see symmetry in the scattered ion distributions with respect to the backward and forward directions.
In the experiments, only a limited range of laboratory angles ͑Ϫ2°-112°͒ can be measured; this results in the loss of flux at angles close to 180°in the center-of-mass coordinate. Consequently, the center-of-mass angular distributions of the product ions shown in Fig. 4͑a͒ appear to peak at a slightly smaller angle, but not at 180°. Figure 4͑b͒ shows the relative translational energy distributions of the products, P(E T Ј), at the three experimental energies. It can be seen from Fig. 4͑b͒ energy is increased, the relative translational energy of the products increases and the widths of the distribution slightly broaden. According to Fig. 4͑b͒ , the product average translational energies at the three energies are 0.47, 0.87, and 1.31 eV, respectively. The energy results of this study are listed in Table I . At the three collision energies studied, 23%, 35%, and 44% of the total energies are partitioned into the translational energies of the products, respectively. Thus the majority of the total energy is converted to the internal energy of the products. At the lowest collision energy of 0.41 eV, nearly 77% of the total energy appears in NH 4 ϩ internal excitation. However, almost 100% of the incremental translational energy in the two higher-energy experiments appears in product translational energy. Such an observation provides a classic example of ''induced repulsive energy release.'' 28, 29 Under such conditions, the small skew angle of the potential energy surface in mass-weighted coordinates 30 appropriate to the heavyϩlight-heavy mass combination of proton transfer facilitates trajectories that sample the corner of the surface where both the bonds being broken and formed are compressed. Under such circumstances, when the products are repelled into the exit valley, the incremental reactant translational energy converts mainly to product translational energy.
The proton transfer in Eq. ͑1͒ involves a fast motion of the proton from oxygen to nitrogen. If the proton is transferred while the nascent N-H bond is extended, it can be expected that the transfer process will mainly result in the excitation of the N-H bond stretching vibrations. However, the slight differences in the bond angles of NH 4 ϩ and NH 3 suggest that some of the reaction's exothermicity may also be channeled into bending vibrations of NH 4 ϩ . Similarly, during proton transfer from oxygen to nitrogen, the geometry of the H 2 O unit changes from C 2v to C 3v ͑Ref. 14͒ and can result in slight excitation of the H-O-H bending vibrations. The NH 4 ϩ ion is a polyatomic ion with nine vibrational frequencies, in which the N-H stretching mode vibrations are nondegenerate 1 ͑3236.6 cm Ϫ1 ͒ and threefold degenerate 3 ͑3345.1 cm Ϫ1 ͒. 31, 32 The results of this study cannot clearly assign which mode or both are excited. However, it should be noted that the energies of the two vibrational modes differ only by 0.013 eV. For visualization of the product energy disposal, we have superimposed on the Newton diagrams of Figs. 1-3 circles of constant barycentric speed corresponding to excitation of the 3 N-H stretching mode. As shown in Figs. 1-3 , at the three collision energies, the product translational energy distributions are sharply peaked at barycentric speeds corresponding closely to NH 4 ϩ products internally excited with four quanta of N-H stretch. Viewed from the perspective of final NH 4 ϩ motion relative to incident NH 3 momentum, the sharply forward-peaked NH 4 ϩ angular distributions suggest that proton transfer occurs along a reaction coordinate of reduced dimensionality. Coupled with the high specificity for energy partitioning into product internal degrees of freedom, the reaction dynamics is consistent with proton transfer from H 3 O ϩ to NH 3 as the reactants approach, with the incipient N-H bond significantly extended from its equilibrium separation. Although the kinetic energy distributions alone are of insufficient information content to assign all product internal excitation to N-H stretching motion, long-distance proton transfer in the entrance channel is consistent with this simple picture. Figure 4͑b͒ provides additional evidence to support the picture of product internal excitation in N-H stretching motion. The figure shows that the relative translational energy distribution at 0.41 eV collision energy is asymmetric with a partially resolved ''shoulder'' appearing at about 0.8 eV. We attempted to fit the distribution using two Gaussian functions; the best fit was obtained using functions with the peak FIG. 4 . ͑a͒ Center-of-mass angular distribution and ͑b͒ center-of-mass relative translational energy distribution of the product NH 4 ϩ ions at the three relative energies. positions at 0.36 and 0.78 eV. The difference of the two peaks, 0.42 eV, is comparable to the 0.36 eV separation of N-H stretching vibrational energy levels. This nearly resolved structure in the kinetic energy distributions also suggests that energy partitioning selectively populates N-H stretches, with minimal rotational or bending vibrational excitation.
In the experiments, the neutral ammonia beam was generated by supersonic expansion; thus, most of the molecules are in the vibrational and rotational ground states. However, the protonated water ions were produced through a chemical ionization process in the electron impact source. The H 3 O ϩ ions produced in this manner are not completely vibrationally relaxed. 33 Thus, strictly, the total energies listed in Table I are only the lower limits.
The dissociation energy with the NH 4 ϩ ϩH 2 O channel of the ͓NH 3 -H-H 2 O͔ ϩ complex has been determined to be 0.89 eV on the basis of the equilibrium measurements [19] [20] [21] and theoretical calculations. 11, 15, 16 Using the exothermicity for the proton transfer ͑1͒, the reaction coordinate diagram of Fig. 5 can be constructed. We performed density functional theory ͑DFT͒ calculations to obtain the vibrational frequencies of the ͓NH 3 -H-H 2 O͔ ϩ complex required for RiceRamsperger-Kassel-Marcus ͑RRKM͒ lifetime calculations discussed later. The DFT calculations were performed using the GAUSSIAN 98 program package. 34 The ͓NH 3 -H-H 2 O͔ ϩ ion structure was fully optimized at the B3LYP/6-31G(d) level and single-point energy calculations were done at the B3LYP/6-31G(d) and B3LYP/6-311ϩG(d, p) levels on the basis of the B3LYP/6-31G(d) geometries. The geometrical parameters of the ͓NH 3 -H-H 2 O͔ ϩ complex are comparable with other theoretical results, [11] [12] [13] [14] [15] [16] [17] [18] and dissociation energies agree with previous work within 2%.
The kinematic analysis of the experimental data shows that the mean internal energy of the reaction products is 1.6 eV, independent of collision energy. This value is approximately 95% of the reaction exothermicity. With respect to the reaction coordinate diagram of Fig. 5 , it is clear that the proton transfer process appears to conserve translational energy in the sense that the incident translational energy is transformed essentially quantitatively into product translational energy. The reaction exothermicity, which quantifies the increase in the strength of the newly formed N-H bond over that of the broken O-H bond, is transformed almost quantitatively into internal excitation of the nascent bond. This picture suggests that the proton transfers to NH 3 at long range, such that the incipient N-H bond is highly extended. At the transition state for proton transfer, reactive motion is along the N-H coordinate and the energy of the reaction is released as the reactants approach. These circumstances lead to a high level of N-H vibrational excitation in the products. The highly skewed nature of the potential energy surface 30 allows the breaking bonds and forming bonds to be compressed simultaneously, with efficient conversion of reactant translation into product translation. In the present case, with respect to the collision dynamics at the lowest relative energy, incremental translational energy appears essentially exclusively in the incremental translational energy of the products. This proton transfer system provides a paradigm for induced repulsive energy release.
The data demonstrate that the reaction is direct at all collision energies, but nevertheless reflect critical information about the dynamics of simultaneous bond breaking and bond making. This situation contrasts with the familiar spectator stripping model of direct reaction dynamics 35 in which, in the context of the present reaction, the H 2 O product would serve as a ''spectator'' to the proton transfer process, with its center-of-mass speed unchanged from that of the incident H 3 O ϩ reactant. In fact, the spectator stripping model predicts that the reaction products would have much higher translational energies than are observed.
In an experimental study using the selected ion flow tube technique, Smith et al. 24 25 studied the reaction of protonated water clusters with deuterated ammonia using guided ion beam mass spectrometry. The authors did not observe the NH 2 D 2 ϩ or DH 2 O ϩ ions, the H/D randomization products. They suggested that the reactions proceed via a direct proton transfer or via a relatively short-lived intermediate. The conclusions of these experiments are consistent with those of this study. However, in this study, the velocities and directions of the reactant H 3 O ϩ ion beam and the neutral NH 3 beam were better controlled, and the angular and kinetic energy distributions of the product NH 4 ϩ ion were precisely determined, providing direct evidence for an impulsive reaction mechanism.
The internal energy of the ͓NH 3 -H-H 2 O͔ ϩ complex is known; thus, we can estimate the lifetime of the complex using the RRKM theory formula 36 -39 
in which E 0 is the activation energy, N (E*ϪE 0 ) is the sum of states of the transition state from 0 to E*ϪE 0 , and (E*) is the density of states of the complex, respectively. is the symmetry parameter, which is 1 for the above dissociation reaction. As shown in Fig. 5 , the internal energy of the ͓NH 3 -H-H 2 O͔ ϩ complex is the sum of the collision energy and the dissociation energy of the H 3 O ϩ ϩNH 3 channel. The dissociation to H 2 OϩNH 4 ϩ is expected to be a direct process without a reverse activation energy barrier so that no unique transition state could be calculated. We thus approximated the transition state frequencies by calculating the frequencies of the ͓NH 3 -H-H 2 O͔ ϩ structure with a ͑N͒H-O bond length extended to 4.0 Å. This leads to an imaginary frequency corresponding to the stretching vibration of the H-O bond. As discussed by Li and Baer, 40 some adjustments for these estimated transition-state frequencies are necessary. In this study, the lowest five frequencies are arbitrarily scaled by a factor of 0.5. These lowest frequencies will convert to the rotational or translational degrees of freedom of the dissociation products. Using the transition-state frequencies, the activation entropy of the dissociation, ⌬S 600 K , is determined to be 28 J/mol K, a characteristic value of a reaction with a ''loose'' transition state. The RRKM calculations show that the unimolecular dissociation rate constant of the ͓NH 3 -H-H 2 O͔ ϩ complex at the studied collision energies is about 3 -5ϫ10 13 s Ϫ1 . Thus the lifetime of the complex is just about 100 fs, 10 times longer than a N-H bond stretching vibrational period and two orders of magnitude shorter than the rotational period of the ͓NH 3 -H-H 2 O͔ ϩ complex ͑about 20 ps according to the DFT calculated rotational constant, 7 GHz͒. We also tested the sensitivity of the calculated dissociation rate constant to the scaling factor for the five lowest frequencies by adjusting the factor from 0.8 to 0.3. These adjustments result in a ⌬S 600 K of 8.5 J/mol K for 0.8 ͑49.1 J/mol K for 0.3͒; correspondingly, the dissociation rate constant becomes 4ϫ10 12 s Ϫ1 for 0.8 (5ϫ10 14 s Ϫ1 for 0.3͒ at the relative energy of 0.41 eV. Thus the lifetime of the ͓NH 3 -H-H 2 O͔ ϩ complex has a range from 5 to 600 fs, which although broad is below the rotational period of the complex. The above RRKM calculations support the conclusion that the ͓NH 3 -H-H 2 O͔ ϩ complex is short lived in comparison with the rotational period of the complex. As discussed above, the internal energies of the ͓NH 3 -H-H 2 O͔ ϩ complex in Table I are only lower limits; thus, the actual dissociation rate may be higher.
According to the RRKM calculations, if the ͓NH 3 -H-H 2 O͔ ϩ complex has a lifetime of 20 ps, its maximum internal energy is 0.34 eV, even lower than the relative energy of the H 3 O ϩ ϩNH 3 channel. Thus it can be expected that no long-lived intermediate complex should be observed in the H 3 O ϩ ϩNH 3 reaction even using lower experimental collision energies.
Theoretically, a set of snapshots of the proton motion in the H 3 O ϩ and NH 3 system was obtained by Cheng 23 using molecular dynamics simulations. In his study, the initial relative orientation of the two units was chosen randomly, the center-of-mass velocities were set to zero, and the N-O length was set to 8 a.u. He found that during the first 50 fs, the relative motion of the two species is slow and H 3 O ϩ rotates into a position in which one of the H atoms is directed toward NH 3 . At a N-O distance of 5.7 a.u. (tϭ84 fs), the velocity of the proton nearest to NH 3 increases suddenly and at tϭ90-100 fs the proton completely transfers to NH 3 . After the transfer process, the ͓NH 3 -H-H 2 O͔ ϩ is vibrationally excited. Similar results are also obtained by Bueker et al. 15, 22 on the basis of the ab initio potential energy surface. They found that most of the excitation energy ͑about 80%͒ is in the vibration of the new N-H bond. As discussed above, this study shows that almost all the reaction exothermicity of the proton transfer is converted to the internal excitation of the NH 4 ϩ ions.
V. CONCLUSIONS
The crossed molecular beam technique is used to study the proton transfer dynamics between H 3 O ϩ and NH 3 . At the three experimental energies, the center-of-mass flux distributions of the product ion NH 4 ϩ exhibit sharply asymmetry, and the maxima are close to the velocity and direction of the precursor ammonia beam. The reaction transforms almost all of the 1.69 eV exothermicity into internal excitation of the products at all three collision energies. The increasing fraction of the reactant translational energy partitions into the translational energy of the products almost by 100%. This observation is consistent with the ''induced repulsive energy release'' mechanism. The RRKM calculations show that the lifetime of the intermediate complex ͓NH 3 -H-H 2 O͔ ϩ is of magnitude 100 fs, two orders of magnitude shorter than the rotational period of the complex. The results indicate that the proton transfer reaction proceeds through a direct channel with large impact parameters.
